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Thermal stress represents a critical reliability bottleneck for perovskite solar cells (PSCs) in space environments,
where sustained high temperatures can accelerate irreversible degradation. Beyond isolated thermal effects, PSCs
in orbit experience synergistic stressors including vacuum, illumination, and elevated temperature. This study
investigates the stability of p-i-n PSCs under combined vacuum + light (V + L) and vacuum + heat (V + H)
conditions, focusing on thermally activated interfacial failure and polymer-based mitigation. Devices are eval-
uated under two temperature regimes: moderate (85 and 100 °C) and extreme (115 and 130 °C) V + H stress,
together with prolonged V + L exposure. The results show that degradation is dominated by interface-driven
non-radiative recombination rather than bulk absorber failure, with AVj3 increase, QFLS reduction, and
interface-specific pseudo-PCE loss, identifying the perovskite/PCBM as the primary weak point under V + H
stress. Incorporation of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) into the perovskite layer
effectively suppresses defect generation, preserves microstructural integrity, and improves charge-extraction
stability, leading to enhanced performance retention. Hazard-based Weibull-Arrhenius analysis confirms
extended characteristic lifetimes for PVDF-HFP devices at moderate temperatures, with a higher activation en-
ergy (0.95 eV vs 0.83 eV) indicating a modified degradation pathway. Room-temperature lifetime is further
predicted using a graphical extrapolation method, yielding significantly extended projected operational lifetimes
for polymer-modified devices. These findings establish a reliability enhancement of the PVDF-HFP-modified
devices under synergetic space-relevant stress.

1. Introduction

Space exploration has entered an era of sustained activity, spanning
low Earth orbit (LEO), cislunar infrastructure, and deep-space missions
with increasingly long operational lifetimes [1]. In this context, perov-
skite solar cells (PSCs) have emerged as promising candidates due to
their high power-to-weight ratio, strong optical absorption in thin films,
and bandgap tunability that enables flexible device architectures [2].
However, the space environment is uniquely harsh, combining high
vacuum, energetic particle radiation, ultraviolet exposure, reactive
atomic oxygen, and repeated thermal cycling. In LEO alone, components
can experience temperature excursions from approximately —100 °C to

+130 °C, imposing severe thermo-mechanical stress, interfacial fatigue,
and accelerated diffusion-driven degradation [3]. These coupled
stressors can progressively alter electrical, optical, and mechanical
properties in ways not captured by standard terrestrial protocols, and
because many systems are inaccessible after deployment, even gradual
degradation can cascade into functional failure at the device or system
level. Consequently, establishing materials and interfaces that maintain
stable performance under combined thermal, radiative, and vacuum
stress is essential for reliable, long-duration deployment of PSC tech-
nologies in space [4-6].

Polymers are increasingly viewed as enabling materials for durable
photovoltaic (PV) stacks because they can simultaneously tune film
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formation, interfaces, and long-term stability. In PSCs, polymers are
attractive compared with small molecules and inorganic additives
because they offer multifunctional chemical groups, high thermal sta-
bility, flexible long chains, and cross-linking capability, allowing mul-
tiple stabilization mechanisms to operate at once [7]. Through
controlled polymer-perovskite interactions, polymers can regulate
crystallization kinetics to improve film uniformity and reduce defect
density, which supports carrier transport and reduces non-radiative
recombination losses [8-12]. Polymers can also suppress degradation
pathways linked to ionic motion: the review highlights that perovskites
have a soft ionic lattice and low defect formation energy, making them
susceptible to heat/light-induced ionic defects and field-assisted ion
migration; polymer barriers and passivation can mitigate these effects
[13-16]. Beyond internal modification, polymer encapsulation is
emphasized as a stability lever, with desired encapsulant properties
including resistance to heat, oxygen, and ultraviolet radiation,
compatibility in thermal expansion to avoid delamination, and low-
temperature processing to avoid damaging perovskites. Collectively,
these attributes make polymer engineering a practical route to
improving device reliability under demanding operating conditions [7].

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) is a
fluorinated copolymer that has been introduced as a polymer additive in
PSCs to improve film quality and operational durability under harsh
environments. Prior studies show that incorporating PVDF-HFP can
retard perovskite crystallization and guide more uniform film formation,
yielding improved optoelectronic quality and enhanced device perfor-
mance [17]. Further reports show that PVDF-HFP additives promote
larger perovskite grains and reduce grain-boundary related losses,
which benefits charge transport and stabilizes photovoltaic operation
over time [18]. In addition to these benefits, the fluorinated nature of
PVDF-HFP is particularly relevant for space-oriented PSCs. Fluorinated
polymers generally exhibit strong chemical and thermal stability asso-
ciated with C—F bonding, and they have also been reported to show
lower atomic-oxygen erosion susceptibility in low-Earth-orbit environ-
ments [19]. These characteristics make PVDF-HFP a relevant material
platform for chemically aggressive and thermally demanding space
conditions.

In our previous study, we evaluated PVDF-HFP-modified PSCs under
space-relevant stressors, specifically high vacuum and gamma-ray irra-
diation [20]. Under high vacuum exposure, pristine devices showed
performance decay consistent with vacuum-accelerated degradation of
the perovskite stack. In contrast, PVDF-HFP-modified devices main-
tained substantially higher operational stability over prolonged testing.
Under gamma-ray irradiation, the PVDF-HFP-modified devices exhibi-
ted improved resilience, with the observed performance drop tracking
the reduction in substrate transmittance more closely than intrinsic
degradation of the PV stack [20]. Together, these results support PVDF-
HFP as a practical additive strategy for improving perovskite device
robustness under vacuum and radiation conditions relevant to space
operation.

Thermal cycling and high-temperature exposure are widely used
accelerated-stress protocols for assessing the operational robustness of
PSCs, because both stressors can perturb charge extraction and recom-
bination pathways in ways not captured under room-temperature
testing. Temperature-dependent impedance trends reinforce this inter-
pretation: increasing temperature is associated with higher charge-
transfer resistance and lower recombination resistance, indicating
increasingly inefficient interfacial carrier extraction alongside enhanced
recombination [21]. At the materials level, perovskite exhibits lattice
expansion with temperature and a tetragonal-to-cubic transition near
~55 °C, coinciding with a performance drop and sensitivity to thermal-
expansion mismatch at the charge transport layer (CTL)/perovskite
interface [22]. Under sustained operation up to ~80 °C the hole trans-
port layer (HTL) can become a dominant weak link, with doped spi-
roOMeTAD showing more severe and irreversible degradation,
consistent with temperature-sensitive additive loss [23]. Taken
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together, these findings indicate that high-temperature stress primarily
accelerates interfacial/transport degradation and non-radiative recom-
bination, providing direct motivation for this study's focus on improving
thermal reliability under space-relevant operation.

This study examines the reliability of p-i-n PSCs under space-relevant
stress conditions, aiming to identify thermally activated failure path-
ways and assess polymer-enabled stabilization. Unlike our previous
work, which primarily focused on material-level stabilization of n-i-p
devices, this study introduces a combined-stressor framework by sys-
tematically integrating low vacuum, continuous illumination, and
elevated thermal stress to probe the degradation mechanism under
realistic operating conditions. The present study is designed primarily to
investigate degradation pathways and reliability enhancement under
combined space-relevant stress conditions rather than to optimize
champion photovoltaic performance. By combining low vacuum expo-
sure, illumination, and elevated thermal stress across moderate (85 and
100 °C) and extreme (115 and 130 °C) regimes, degradation is found to
be dominated by interface-driven non-radiative recombination. V, loss-
component analysis and optoelectronic measurements indicate that the
perovskite/PCBM junction is the most thermally vulnerable interface.
Incorporation of PVDF-HFP within the perovskite absorber suppresses
defect growth, improves morphological retention, and enhances charge-
extraction stability, leading to improved performance retention and
longer characteristic lifetimes at moderate high temperatures. A hazard-
based lifetime analysis is used to quantify temperature-dependent
durability, showing extended characteristic lifetimes for PVDF-HFP de-
vices at moderate high temperatures. Weibull-Arrhenius modeling in-
dicates a higher activation energy for PVDF-HFP devices, reflecting a
modified degradation pathway. Room-temperature lifetime is further
predicted using a graphical extrapolation method, confirming a reli-
ability advantage for polymer-modified devices. Overall, this study not
only demonstrates polymer-enabled stabilization but also establishes its
operational limits under space-relevant conditions.

2. Results and discussion

This study systematically examines the structural, morphological,
optical, electronic, and photovoltaic responses of p-i-n perovskite solar
cells under operational thermal-stability stressors and continuous illu-
mination, along with controlled vacuum. Throughout, perovskite films/
devices containing PVDF-HFP are referred to as “PVDF-HFP film/de-
vice,” and those without the additive as “pristine film/device”. Fig. 1a
illustrates the PVDF-HFP/perovskite interactions established in our
previous study [20]. The fluorine atoms in PVDF-HFP are reported to
interact with the perovskite through hydrogen-bonding interactions
with MAT/FA" and Lewis-base coordination with under-coordinated
Pb2* at surfaces/grain boundaries. Such N-H"F interactions have
been inferred in prior studies from the 'H nuclear magnetic resonance
(NMR) chemical shift of the -NH$ proton upon incorporation of fluori-
nated polymers such as PVDF and PVDF-HFP into the perovskite system
[24]. These interactions retard crystallization, stabilize phase/texture,
and bridge grain boundaries, thereby suppressing non-radiative
recombination. The selection of PVDF-HFP is based on its ability to
improve perovskite film and device stability through defect passivation
and grain boundary stabilization [24,25]. In addition, the selection of
PVDF-HFP was motivated by the need to evaluate its thermal stability
limits under elevated temperature conditions, as its behavior in PSCs
under high-temperature stress has not been systematically studied.

Throughout this work, vacuum exposure (~1072 Torr) is employed
as a consistent stress condition to mimic the low-pressure space envi-
ronment (i.e., near-atmosphere-free operation), enabling a direct com-
parison of material and device stability. Although this pressure is higher
than LEO (~10~7 Torr), NASA-TM-20250004276 reports that a chamber
pressure of ~1072 Torr is sufficient to ensure minimal heat transfer
through the surrounding gas, thereby approximating vacuum-
dominated conditions [26]. To further validate this for PSCs, the PCE
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Fig. 1. Overview of interfacial interactions and device-level effects associated with PVDF-HFP incorporation. (a) Schematic illustration demonstrating the in-
teractions between the perovskite absorber and PVDF-HFP. (b) Normalized conductivity evolution of various HTLs under vacuum +100 °C stress for 50 h. (c)
Normalized conductivity evolution of different ETLs under the same conditions. J-V characteristics of devices incorporating different PVDF-HFP concentrations
measured under (d) AM 1.5G illumination, (¢) AM 0 illumination. (f) Normalized PCE as a function of temperature for pristine and PVDF-HFP devices measured over

100 h, highlighting their comparative thermal stability.

was measured before and after 300 h across a wide pressure range (760
Torr to 10~/ Torr) for the encapsulated devices, as shown in Fig. S1. This
revealed negligible variation with vacuum level, indicating that device
degradation is largely insensitive to further pressure reduction, sup-
porting the use of ~10~2 Torr as a practical proxy for space-relevant
conditions.

Meanwhile, to evaluate the intrinsic thermal stability of charge-
transport layers, various p-type and n-type thin films were spin-coated
on fluorine-doped tin oxide (FTO) substrates, followed by Ag top-
electrode deposition to form vertical test structures for conductivity
measurements. The samples were subjected to combined vacuum and
thermal stress at 100 °C, and the conductivity was monitored as a
function of exposure time. The resulting trends for p-type and n-type
layers are summarized in Fig. 1b and c, respectively. For the p-layer
(Fig. 1b), 2-(9H-carbazol-9-yl)ethylphosphonic acid (MeO-2PACz)
showed the highest conductivity retention, likely because its dopant-free
self-assembled monolayer (SAM) structure forms an ultrathin, chemi-
cally anchored interface with fewer mobile species, reducing diffusion
and improving interfacial stability compared with conventional bulk
HTL [27]. For the n-layer (Fig. 1c), SnO, was identified as the most
stable material, aligning with its widespread use as a robust electron
transport layer (ETL) in n-i-p perovskite devices. Among p-i-n device
stacks, [6,6]-Phenyl-Cgi-butyric acid methyl ester (PCBM) exhibited
better stability than Ceo under the same thermal stress. Along with these
stability comparisons, multiple ETL/passivation combinations were
screened in pristine devices. The corresponding J-V curves are shown in
Fig. S2, and the extracted PV parameters are summarized in Table S1.
The PCBM/PEI stack delivered the best overall device performance and
was therefore selected as the ETL/passivation layer for subsequent de-
vice fabrication.

To assess concentration effects in the perovskite, PVDF-HFP was

added at 0.075, 0.15, 0.3, 0.5, 0.75 or 1 mg/mL in the perovskite so-
lution. The corresponding J-V responses of PVDF-HFP devices, alongside
the pristine devices, are presented in Fig. 1d (AM 1.5 illumination). The
J-V responses highlight a strong dependence on PVDF-HFP concentra-
tion. Among all devices, the 0.15 mg/mL PVDF-HFP device achieved
superior performance, with higher short-circuit current density (Js.) and
open-circuit voltage (V,.) than both the pristine and other additive
concentrations. Devices with concentrations below or above this opti-
mum show less pronounced improvement, while higher PVDF-HFP
concentrations lead to a gradual reduction in performance. Overall,
these results indicate that 0.15 mg/mL is the optimal PVDF-HFP con-
centration for achieving improved device performance. Fig. 1e shows
the J-V responses of pristine and PVDF-HFP-modified devices under
AMO illumination. Unlike AM 1.5G, the AMO spectrum represents un-
attenuated sunlight with a broader distribution and stronger ultraviolet
contribution [28]. The concentration-dependent trend under AMO mir-
rors the AM 1.5G results, with the 0.15 mg/mL PVDF-HFP device out-
performing all other concentrations and the pristine device. However,
all devices achieve higher absolute metrics under AMO, as the spectrum
provides about 22% more photon flux relative to AM 1.5G [29]. At a
lower concentration (0.075 mg/mL), the polymer concentration is likely
insufficient to regulate crystallization or provide substantial defect-
passivation effectively, resulting in device behavior similar to that of
the pristine case. The superior performance of the 0.15 mg/mL PVDF-
HFP devices under both AMO and AM 1.5G suggests that this concen-
tration strikes the optimal balance between stabilization and charge
transport. At this level, PVDF-HFP contributes to mechanical strength-
ening and interfacial passivation but does not interfere with crystalli-
zation or conductivity. As Wang et al. note, excessive polymer
incorporation can lead to phase separation, non-uniform morphology,
and reduced carrier mobility, which become evident at 0.5 and 1 mg/
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mlL, resulting in poorer photovoltaic performance [7].

To determine mechanistically meaningful stress temperatures for
long-term stability evaluation, preliminary accelerated aging experi-
ments were conducted across a wide temperature range for 100 h
(Fig. 1f). The normalized power conversion efficiency (PCE) exhibits a
clear nonlinear temperature dependence, with a distinct change in the
degradation slope near 85 °C, indicating the presence of a dominant
degradation pathway. Beyond ~85 °C, a pronounced decline in
normalized PCE is observed, indicating the onset of significant thermal
stress on device performance. To systematically explore temperature-
driven degradation under vacuum and heat, a set of representative
stress temperatures was selected. Accordingly, V + H stability tests were
conducted at 85 °C, 100 °C, 115 °C, and 130 °C to evaluate device
durability under progressively stronger thermal stress.

In this study, before proceeding to high-temperature thermal sta-
bility tests, the light stability of the devices under 1 sun illumination in
vacuum was first evaluated. To distinguish the contribution of illumi-
nation from vacuum alone, device stability under vacuum-only condi-
tions was evaluated as a baseline (Fig. S1). The observed degradation
under combined vacuum and light conditions is not solely attributable to
vacuum exposure, indicating that illumination plays a dominant role in
driving the degradation. Illumination inevitably leads to device heating,
with 1 sun exposure increasing the temperature to approximately
~45-50 °C. Fig. 2 shows the device stability under combined vacuum +
light (V + L) along with the structural and optoelectronic changes in the
perovskite films. Fig. 2a shows that encapsulated pristine devices fall
below 80% of their initial PCE at ~900 h and retain 74.6% at 1000 h. In
contrast, encapsulated PVDF-HFP devices retain 85.1% after 1000 h,
demonstrating improved operational stability. The corresponding
change in V,,Js. and fill factor (FF) over time is given in Fig. S3. The
stability of unencapsulated devices was also evaluated under the same V
+ L conditions (Fig. S4): at 1000 h, unencapsulated pristine devices
degrade to 29.1%, while unencapsulated PVDF-HFP devices retain
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67.0%, confirming that PVDF-HFP enhances stability even without
encapsulation (although encapsulation remains essential for long-term
retention).

The V,. loss was analyzed to understand the contribution of various
factors to the loss of V,. of the PSCs under V + L conditions. To quantify
the origin of V, losses, the total voltage loss (AV) was defined as [30]:

qAV = E; — qV, (€D)]

This total loss can be further decomposed into three physically
distinct contributions:

qAV = (B —qVod) + (aVad —aver') + (aVer' — V) @)

Here, q is the elementary charge, E, is the bandgap energy of the
absorber, and V,, is the experimentally measured open circuit voltage.
V5Q denotes the Shockley-Queisser limit corresponding to the maximum
achievable V,, under ideal conditions, while V™ represents the open-
circuit voltage assuming only radiative recombination. Accordingly,
AV; corresponds to the thermodynamic loss, AV, represents radiative
recombination loss, and AV5; accounts for non-radiative recombination
loss. These V,. loss measurements are presented in Fig. 2b, and the
corresponding values are given in Table S2. Before 500 h of V + L
exposure, the AV; values for both pristine and PVDF-HFP devices were
0.272 V, which remained the same after the exposure. The unchanged
AV; suggests that the absorber energetic limit is largely preserved, and
that the observed V,. degradation is dominated by recombination-
related losses rather than changes in the fundamental bandgap limit.
AV, occurs when photoexcited charge carriers (electrons and holes)
recombine, making it closely related to the quality of the perovskite
films. Both pristine and PVDF-HFP devices exhibited negligible changes
in AV, value following the V + L exposure. These marginal fluctuations
confirm that an increase in radiative recombination loss is not the
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Fig. 2. Device- and film-level stability of pristine and PVDF-HFP systems under V + L stress. (a) Normalized PCE evolution of encapsulated devices with aging time.
(b) Voc loss before and after 500 h of V + L stress. Film-level changes under the same conditions are shown in (c-f): (c) perovskite (110)/Pbl, peak-intensity ratio
extracted from XRD, (d) Urbach energy derived from UV-Vis spectra, (e) PL spectra, and (f) TRPL decay curves for both pristine and PVDF-HFP films.
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primary cause of the PCE reduction, pointing instead to non-radiative
pathways as the dominant factor. AV; occurs when charge carriers
recombine without emitting a photon, typically associated with bulk
defects and buried interfaces. For pristine devices, AV; increased from
0.249 V to 0.281 V, while for the PVDF-HFP devices, the increase is less
pronounced, going from 0.242 V to 0.266 V. These results indicate that
the increase in non-radiative recombination is an important reason for
the PCE reduction, which is substantially reduced by the addition of
PVDE-HFP [25].

The smaller increase in AV3; suggests that PVDF-HFP slows the
development of illumination-induced recombination pathways during V
+ L aging. This stabilizing effect is attributed to fluorine-mediated in-
teractions between PVDF-HFP and the perovskite, including N-H'*'F in-
teractions with organic cations and coordination with undercoordinated
Pb2" sites. These interactions can passivate defect-prone sites and sta-
bilize the perovskite, thereby reducing the formation or activation of
non-radiative recombination centers under continuous V + L
[20,24,31].

To determine whether this improvement is associated with sup-
pressed phase degradation, the perovskite/Pbl, ratio was quantified
from the X-ray diffraction (XRD) patterns (Fig. S5) and summarized in
Fig. 2c. The fresh PVDF-HFP films exhibit a higher perovskite/Pbl; ratio
(~2.5) than pristine films, consistent with improved phase purity and/
or a lower Pbl, fraction. This initial difference is consistent with a
fluorine-rich additive environment promoting a more phase-pure start-
ing film, as fluorine-containing polymer systems have been shown to
coordinate with perovskite species and suppress undesired intermedi-
ate/secondary phases during crystallization, thereby favoring more
homogeneous film formation. The perovskite/PbI, ratio decreases after
500 h of V + L for both films (Fig. S5; Fig. 2¢), indicating PbI, formation
during vacuum light soaking. However, the reduction is substantially
larger in pristine films, while PVDF-HFP maintains a higher ratio,
consistent with the polymer delaying light-driven phase degradation
and Pbl; accumulation. Such behavior aligns with fluorine-containing
polymer approaches that combine coordination-assisted defect sup-
pression with improved film uniformity, which can mitigate photo-
activated ionic/defect pathways that can contribute to phase
decomposition under continuous illumination [32].

To further investigate the trap states and gain a deeper under-
standing of the optoelectronic properties of the fabricated perovskite
films, an analysis was conducted involving Urbach energy (E,), photo-
luminescence (PL), and time-resolved photoluminescence (TRPL). E, is a
key parameter that reflects the material's crystallinity, defect density,
and overall optoelectronic performance. The UV-Vis spectra and In
(absorption coefficient) vs energy plots are shown in Fig. S6, and E,
values obtained from them are summarized in Fig. 2d. Fresh PVDF-HFP
films show a lower Urbach energy than pristine films (44 meV and 47
meV, respectively), indicating a lower initial degree of band-tailing. This
reflects a reduced density of shallow band-tail states, likely due to
suppressed electronic disorder arising from reduced photo-induced
halide fluctuation even before aging. As shown in Table S3, after 500
h V + L, the pristine film shows a pronounced increase from 47 meV to
52 meV (AE, = 5 meV), whereas the PVDF-HFP film increases only from
44 meV to 46 meV (AE, = 2 meV). Under V + L conditions, disorder
accumulation is dominated by illumination-induced defect activation
rather than lattice damage, and the smaller increase in E, for PVDF-HFP
indicates slower generation of photo-active sub-gap states [33]. The
smaller net increase in Urbach energy for PVDF-HFP supports the
Voc-loss analysis, indicating that fluorine-mediated passivation slows the
growth of defect-associated band-tail states that contribute to AV5; under
V + L stress.

Steady-state PL spectra (Fig. 2e) decrease in intensity after V + L
aging for both films, consistent with a higher contribution of non-
radiative recombination following prolonged illumination. This reduc-
tion in PL can be interpreted as an increase in recombination pathways
associated with illumination-exposed films, such as the activation of
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recombination-active defects or sub-gap states. Notably, the PVDF-HFP
films retain a higher PL intensity than the pristine films after aging,
suggesting a comparatively lower degree of recombination degradation.
Time-resolved PL results (Fig. 2f and Table S3) support this trend: the
average lifetime decreases from 18.04 to 14.70 ns for pristine films after
500 h V + L, whereas PVDF-HFP shows a smaller reduction from 20.22
to 18.23 ns. The stronger PL/TRPL retention further shows that PVDF-
HFP preserves carrier lifetime by limiting the buildup of defect-
assisted recombination pathways during V + L aging.

To evaluate whether V + L aging induces surface roughening or
morphological damage that can promote interfacial recombination and
accelerate degradation, atomic force microscopy (AFM) was used to
quantify nanoscale topography changes in the perovskite films. The
AFM results shown in Fig. 3 indicate that the pristine film exhibits an
increase in RMS roughness from 24.3 nm to 30.9 nm after 500 h of V + L
exposure, reflecting pronounced surface/morphology evolution. In
contrast, the PVDF-HFP film shows only a modest change in root mean
square (RMS) roughness from 22.9 nm to 23.7 nm over the same
treatment, indicating that PVDF-HFP better preserves the film
morphology and suppresses stress-induced roughening. This improved
morphological retention is consistent with the scanning electron mi-
croscopy (SEM) observations provided in Fig. S7. Such morphological
changes are commonly associated with variations in film uniformity,
grain boundary structure, and surface coverage, as reported in previous
studies on perovskite films [34]. In this context, the suppressed rough-
ness evolution in PVDF-HFP films indicates improved morphological
stability under V + L stress, suggesting a more uniform and structurally
intact film compared to the pristine counterpart.

Vacuum illumination imposes photo-thermal stress, evidenced by
lattice shrinkage and morphological deformation, while photo-
generated carriers facilitate ion migration and interfacial reactions.
This condition therefore captures space-relevant, photo-thermally
assisted degradation and provides a practical baseline before isolating
purely thermal effects in dark high-temperature tests. Under V + L
aging, the dominant signature is an increase in non-radiative V,. loss
(AV3), consistent with illumination-activated defects and field-assisted
ion redistribution, and supported by PL quenching, shortened TRPL
lifetimes, and a slight Urbach-energy rise. Pristine films further show
reduced perovskite/Pbl, ratio and increased roughness, indicating
concurrent structural/morphological evolution. In contrast, PVDF-HFP
mitigates the illumination-induced growth of recombination-active de-
fects, leading to a slower increase in AV3. This suppression is consistent
with reduced activation of defect-mediated non-radiative pathways

Fresh Vacuum + Light

500nm

RMS: 30.9nm *

Onm

RMS: 22.9nm

RMS: 23.7nm

Fig. 3. AFM images of perovskite films under vacuum + light (V + L) condi-
tions. (a) Fresh pristine film, (b) pristine film after V + L stress, (c) fresh PVDF-
HFP film, and (d) PVDF-HFP film after V + L stress, enabling comparison of
surface morphology evolution.
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under illumination, rather than changes in the intrinsic energetic limit
or radiative recombination [35]. Overall, PVDF-HFP mitigates these
changes, showing smaller AVj, better perovskite/Pbl, and PL/TRPL
retention, minimal Urbach-energy increase, and suppressed roughening,
indicating that polymer incorporation limits the photo-thermally assis-
ted generation of non-radiative recombination centers, thereby
explaining the improved PCE retention under V + L exposure.
Following the evaluation of the stability of pristine and PVDF-HFP
films and devices under V + L stress, thermal stability was subse-
quently investigated at high temperatures. As detailed above, temper-
atures of 85 °C, 100 °C, 115 °C and 130 °C were selected to represent
accelerated thermal stress conditions, enabling a systematic assessment
of temperature-induced stability of both pristine and PVDF-HFP devices.
Fig. 4 summarizes the thermal stability of 16 devices under vacuum at
these temperatures. Fig. 4a shows the normalized PCE of these devices
over time. Across all temperature conditions, the incorporation of PVDF-
HFP improves device stability by slowing the progression of degrada-
tion, as reflected by the consistently extended lifetimes compared to
pristine devices. In Fig. 4a, at 85 °C, the PVDF-HFP devices maintain a
high normalized PCE close to unity for most of the time and still retain
0.794 at ~1200 h, whereas pristine devices show a steady decline across
aging, ending at 0.637. Consistent with this trend, the Tg, (time required
to reach 80% of the initial PCE) increases from ~900 h for pristine de-
vices to ~1200 h for PVDF-HFP devices. At 100 °C, pristine devices
degrade continuously and reach failure much earlier, while the PVDF-
HFP devices degrade more gradually, remaining near ~0.9 for several
hundred hours, and still retaining 0.431 at ~1000 h. The corresponding
Tgo lifetimes increase from ~150 h for pristine devices to ~500 h with
PVDF-HFP incorporation, indicating a substantial improvement in
thermal durability. When the temperature is increased to 115 °C,
degradation accelerates for both device types; however, the PVDF-HFP
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devices continue to show improved stability, with Tgy extending from
~100 h for pristine devices to ~200 h for PVDF-HFP devices. Under the
most severe condition of 130 °C, rapid performance loss occurs within
the first several tens of hours for both devices, yet the PVDF-HFP devices
still maintain a modest advantage, with Tgy increasing from ~40 h in
pristine devices to ~50 h in PVDF-HFP devices. Both device types were
aged until failure to enable subsequent reliability analysis, and further
characterization was performed to identify the dominant degradation
pathways responsible for device failure.

Based on this mechanistic separation, two distinct temperature re-
gimes were defined for subsequent accelerated stability experiments.
The 85 °C and 100 °C conditions were grouped as moderate high-
temperature stress, representing the regime where degradation begins
to accelerate but devices still retain measurable operational lifetimes
(Tgo on the order of hundreds of hours). In this range, degradation
processes are expected to involve a combination of interfacial insta-
bility, ionic redistribution, and the early stages of MA-related chemical
degradation, enabling meaningful comparison of stability trends and
mechanistic differences between pristine and PVDF-HFP modified de-
vices [36].

In contrast, 115 °C and 130 °C were treated as extreme thermal stress
regimes, in which degradation becomes strongly chemically driven and
proceeds much more rapidly. Under these conditions, the operational
lifetimes collapse to tens to a few hundred hours, indicating the onset of
accelerated perovskite decomposition and thermally activated interfa-
cial failure processes. Separating these temperatures into distinct re-
gimes, therefore, allows evaluation of device stability under severe
stress conditions, provides insight into the intrinsic limits of material
and interface stability, and enables comparison of how PVDF-HFP
modification influences device robustness when chemical degradation
pathways dominate [37-39].
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Fig. 4. Device-level stability of pristine and PVDF-HFP devices under vacuum + thermal stress. (a) Normalized PCE evolution of encapsulated devices with aging
time, (b) Voc loss before and after 500 h of V + 85 °C and V + 100 °C, (c) Voc loss before and after 50 h of V + 115 °C and V + 130 °C. (d) EQE of pristine and PVDF-
HFP devices after V + 85 °C and V + 100 °C aging, (e) EQE of pristine and PVDF-HFP devices after V + 115 °C and V + 130 °C aging, (f) Nyquist plots of pristine and
PVDF-HFP devices measured under LED illumination at O V bias before and after one week of vacuum + heat (V + H) exposure at 85, 100, 115, and 130 °C. The inset

shows the equivalent circuit used to analyze the impedance response.
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The rapid failure at 130 °C is consistent with PVDF-HFP approaching
its thermally activated softening regime [40]. Differential scanning
calorimetry (DSC) analysis in Fig. S8 shows a distinct endothermic
melting peak at 157 °C during heating, while the cooling scan exhibits a
crystallization peak at 127 °C, confirming a semicrystalline nature of the
polymer. Importantly, the heating curve reveals that the heat flow be-
gins to increase noticeably after 135 °C, indicating the onset of melting
and progressive disruption of crystalline domains prior to the peak
temperature. As the polymer enters this transition regime, its structural
rigidity is reduced, weakening its ability to maintain effective defect
passivation and interfacial stabilization. This provides a direct expla-
nation for the observed narrowing of the performance gap between
pristine and PVDF-HFP devices at 130 °C. While PVDF-HFP enhances
stability at moderate temperatures, its passivation capability diminishes
as the material approaches the onset of melting, leading to accelerated
device failure under high thermal stress.

In this temperature window, PVDF-HFP has been reported to un-
dergo pronounced, and in some cases irreversible, structural reorgani-
zation (e.g., crystal phase changes) even below complete melting,
implying reduced stability of polymer-derived structural functionality
near 120-130 °C. Accordingly, the stabilizing effect of PVDF-HFP within
polymer-modified microstructures may diminish at elevated tempera-
ture, potentially weakening grain-boundary and interfacial stabiliza-
tion. Such thermal activation could facilitate local morphological
rearrangement and exacerbate interfacial degradation pathways,
thereby accelerating performance loss and leading to rapid device fail-
ure at 130 °C [41]. Fig. S9 presents the corresponding aging results
under V + 85 °C and V + 100 °C for unencapsulated devices. At 85 °C,
the pristine devices drop below 80% of their initial PCE within ~200 h,
whereas the PVDF-HFP devices maintain comparable performance until
~600 h. At 100 °C, degradation is markedly faster for both device types,
with the normalized PCE decreasing to ~0.14 for pristine devices and ~
0.435 for PVDF-HFP devices within ~150 h. In comparison with the
encapsulated devices, these results clearly demonstrate that encapsula-
tion significantly improves device stability, and its stabilizing effect is
particularly evident under high-temperature stress. Because degradation
accelerates strongly at higher temperatures, unencapsulated tests were
not performed at 115 °C and 130 °C. Encapsulated devices already show
short lifetimes at these temperatures (Tgo =~ 100 h at 115 °Cand ~ 40 h
at 130 °C for pristine devices), and degradation would be expected to
proceed even faster without encapsulation. Therefore, unencapsulated
measurements were limited to 85 °C and 100 °C, where meaningful
stability comparisons can be obtained.

Because two distinct temperature regimes were defined, the duration
of the stability tests was selected based on the highest-temperature Tgg
of the PVDF-HFP devices within each regime. For the 85-100 °C regime,
the stability tests were performed before and after 500 h of aging, cor-
responding to the Tgy of the PVDF-HFP devices at 100 °C. For the
115-130 °C extreme thermal stress regime, the stability tests were
conducted before and after 50 h, corresponding to the Tg of the PVDF-
HFP devices at 130 °C. This approach enables consistent comparison
while probing device behavior near the characteristic degradation limit
within each regime.

Fig. 4b and Table S4 show a loss-component analysis of the V.
degradation under V 4 85 °C and V + 100 °C after 500 h of aging. The
thermodynamic term (AV7) is identical for pristine and PVDF-HFP de-
vices before aging (0.272 V) and remains essentially unchanged after
both V 4 85 °C and V + 100 °C treatments, indicating that the observed
V,c decay is not governed by changes in the bandgap-related thermo-
dynamic limit. In contrast, the radiative loss contribution (AV,) in-
creases after heat exposure, with a larger rise in the pristine devices
(0.033 — 0.038 at 85 °C and 0.040 at 100 °C) than in the PVDF-HFP
devices (0.031 — 0.036 at 85 °C and 0.038 at 100 °C), suggesting that
PVDF-HFP partially mitigates the aging-induced increase in radiative
losses. The most pronounced change occurs in the non-radiative
recombination loss term (4Vs), which increases from 0.248 V (fresh)
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to 0.299 V after V + 85 °C and further to 0.365 V after V + 100 °C for
pristine devices. In comparison, PVDF-HFP devices start from a slightly
lower AVs (0.237 V) and exhibit a smaller increase to 0.258 V (V +
85 °C) and 0.333 V (V 4+ 100 °C), indicating reduced non-radiative
recombination during thermal aging [42].

To further identify the degradation pathway under extreme thermal
stress, the same V,. loss analysis was performed for devices measured
before and after 50 h of V + heat at 115 °C and 130 °C (Fig. 4c and
Table S5). Similar to the moderate temperature regime, A V; remains
nearly constant for both device types (=0.27 V), and A V, increases only
slightly (pristine: 0.033 — 0.045 (115 °C) — 0.047 V (130 °C); PVDF-
HFP: 0.031 V — 0.039 V — 0.040 V), confirming that these compo-
nents are not dominant contributors to degradation. Instead, the pri-
mary change is a strong increase in A V3, reflecting intensified non-
radiative recombination. For pristine devices A V3 rises from 0.248 V
to 0.377 V at 115 °C and further to 0.424 V at 130 °C, while PVDF-HFP
devices show a smaller increase from 0.237 V to 0.345 V and 0.377 V,
respectively. The larger increase at 130 °C compared with 115 °C in-
dicates more severe interfacial degradation at higher temperature,
although PVDF-HFP partially suppresses this degradation pathway [20].

Fig. 4d and Fig. 4e show the evolution of the external quantum ef-
ficiency (EQE) spectra before and after thermal aging under V + heat
conditions for the moderate (85 °C and 100 °C, 500 h) and extreme
(115 °C and 130 °C, 50 h) temperature regimes, respectively. For both
regimes, the pristine devices exhibit a clear reduction in EQE across the
entire spectral range after thermal exposure, indicating a loss in charge
collection efficiency. This decrease becomes more pronounced at higher
temperatures, particularly under V + 130 °C, where the pristine device
shows the strongest suppression of EQE. Such reductions in EQE are
consistent with thermally induced degradation processes that increase
recombination and reduce carrier extraction efficiency, including the
interfacial degradation and partial perovskite decomposition. These ef-
fects reduce the probability that photogenerated carriers are success-
fully collected, leading to lower EQE values [43].

In contrast, the PVDF-HFP modified devices maintain consistently
higher EQE after thermal aging across most of the wavelength range.
The smaller reduction in EQE suggests that PVDF-HFP helps suppress
thermally activated defect formation and mitigates interfacial recom-
bination losses, thereby preserving carrier collection efficiency. This
stabilizing effect is particularly evident at elevated temperatures, where
the divergence between pristine and PVDF-HFP devices becomes more
pronounced. The improved EQE retention in PVDF-HFP devices there-
fore indicates that the polymer additive contributes to maintaining
absorber quality and interface integrity during thermal stress, consistent
with the reduced non-radiative recombination losses observed in the
Vo loss analysis [18].

To further probe the electrical response after thermal aging, IS
measurements were performed under LED illumination at 0 V bias, after
one week of V + H exposure for all samples. The Nyquist spectra in
Fig. 4f were fitted using an R; + (R || C) equivalent circuit, and the
extracted fitting parameters are summarized in Table S6. With
increasing aging temperature, the semicircle diameter decreases for
both pristine and PVDF-HFP devices, indicating reduced R, and
enhanced recombination after thermal stress. However, PVDF-HFP de-
vices retain larger semicircle diameters and higher R values than
pristine devices under the same aging conditions, suggesting suppressed
recombination and improved interfacial stability. At higher tempera-
tures, particularly 115 and 130 °C, the slight low-frequency tail suggests
the activation of slower interfacial/electrochemical processes, which
may be associated with thermally enhanced ion-migration-related po-
larization [44,45].

After completing the device stability tests, film stability was subse-
quently investigated to further understand the material-level degrada-
tion behavior. Fig. 5(a-f) compares the morphological evolution of
pristine and PVDF-HFP perovskite films after thermal exposure at V +
85 °C and 100 °C. In the SEM images, the pristine film shows clear
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Fig. 5. Top-view and cross-sectional SEM images of perovskite films before and after 500 h of vacuum + thermal stress. Top-view images show (a) pristine fresh, (b)
PVDF-HFP fresh, (c) pristine after V + 85 °C, (d) PVDF-HFP after V + 85 °C, (e) pristine after V + 100 °C, and (f) PVDF-HFP after V + 100 °C. Cross-sectional SEM
images after V 4+ 100 °C stress are shown in (g) pristine and (h) PVDF-HFP films.

degradation with temperature: at V + 85 °C, grain-boundary breakage
becomes evident, while at V + 100 °C the film exhibits a pronounced
increase in cracks together with widespread bright Pbl, crystallites
across the surface [46]. In contrast, the PVDF-HFP film remains
comparatively more uniform at both temperatures; although some
boundary breakage and minor cracking are visible (more apparent at V
+ 100 °C), the perovskite morphology is better retained than in the
pristine case. This improved morphological retention is attributed to in-
situ thermal crosslinking of the PVDF-HFP polymer during heat treat-
ment. This leads to the formation of a polymer network that interacts

with the perovskite and helps reduce defects. The crosslinked polymer
helps stabilize the grain boundaries, as reported in prior studies [25]. It
contributes to the formation of an interconnected polymer-perovskite
microstructure that can help bind adjacent crystalline domains. Such a
polymer-modified grain framework enhances the structural integrity of
the film under thermal stress, thereby suppressing grain-boundary sep-
aration, crack propagation, and the development of severe surface dis-
continuities observed in the pristine film [47].

Consistent with the SEM trends, the AFM images in Fig. S10 show
that surface roughness increases substantially with thermal exposure:
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Fig. 6. Film-level stability of pristine and PVDF-HFP systems under vacuum + thermal stress (a) perovskite (110)/Pbl, peak-intensity ratio extracted from XRD after
aging at V + 85 °C and V + 100 °C, (b) PL intensity before and after aging at V + 85 °C and V + 100 °C (c) Urbach energy derived from UV-Vis spectra on the left and
the AVj; on the right for V + 85 °C and V + 100 °C, (c) Normalized conductivity evolution of 16 MeO-2PACz and 16 PCBM films under V + 130 °C and (e) Retained
I-PCE response of PVSK, MeO-2PACz/PVSK, and PVSK/PCBM architectures after 50 h of V + 115 °C and V + 130 °C stress.
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for the pristine film, RMS roughness rises from 24.3 nm (fresh) to 49.8
nm (V + 85 °C) and 66.0 nm (V + 100 °C), while the PVDF-HFP film
increases from 22.9 nm (fresh) to 45.1 nm (V + 85 °C) and 65.1 nm (V +
100 °C), confirming pronounced roughening at higher temperature,
with PVDF-HFP maintaining comparatively better morphological uni-
formity despite similar high-temperature roughness levels. Consistent
with the morphological trends observed in the top-view SEM and AFM
analyses, cross-sectional SEM images after V + 100 °C shown in Fig. 5g
and h, reveal severe bulk degradation in the pristine perovskite film,
characterized by pronounced vertical cracks, voids, and disrupted grain
stacking across the film thickness. In contrast, the PVDF-HFP film
maintains a compact and continuous cross-section with suppressed
crack penetration and improved grain connectivity. This indicates that
PVDF-HFP effectively mitigates thermally induced mechanical stress
and mass transport along grain boundaries. The preserved through-
thickness integrity confirms that PVDF-HFP enhances intrinsic
absorber robustness under high-temperature bias stress.

To evaluate the thermal tolerance of pristine and PVDF-HFP films,
changes in the crystal structure and chemical composition of the films
were analyzed using XRD. As shown in Fig. 6a and Fig. S5, after 500 h,
the ratio of perovskite to Pbl; in the pristine film significantly decreased
for V + 85 °C, and a more drastic decrease was seen for the films exposed
to V 4+ 100 °C. This reduction can be attributed to the stoichiometric
imbalance caused by ammonium salts from the MA, which leads to the
formation of the PbI, phase in pristine films under thermal stress [48]. In
contrast, the PVDF-HFP film demonstrated greater stability, likely due to
the strong bonding between fluorine and Pb?*, which helps to maintain
the structural integrity of the film [47].

PL measurements on both pristine and PVDF-HFP perovskite films,
depicted in Fig. 6b, reveal a notably higher PL intensity in the PVDF-HFP
film, suggesting better crystal quality. After 500 hat V+ 85°Cand V +
100 °C, the emission peak showed a redshift. The PVDF-HFP film
exhibited a moderate shift of 5.19 nm at V + 85 °C and 5.51 nm at V +
100 °C, whereas the pristine film showed a substantially larger shift of
about 10.95 nm and 13.09 nm for V + 85 °C and V + 100 °C, respec-
tively. This pronounced redshift in the pristine sample is attributed to an
increased presence of Pbl, at the grain boundaries at elevated temper-
atures [49]. Along with the redshift, the pristine film shows a substantial
drop in the PL intensity. Compared with the pristine film, the PVDF-HFP
film shows only a slight PL intensity loss after 500 h at both 85 and
100 °C, and the peak redshift is also smaller at each temperature. This
behavior suggests that PVDF-HFP slows thermally driven defect for-
mation and grain-boundary degradation (e.g., PbI, build-up), thereby
better preserving radiative recombination and spectral stability [50].

TRPL decay measurements, displayed in Fig. S11, were performed on
both pristine and PVDF-HFP films. The fitting parameters are summa-
rized in Table 1. Bi-exponential TRPL analysis reveals clear differences
in recombination dynamics between pristine and PVDF-HFP perovskite
films under thermal stress. At 85 °C, the pristine film shows a pro-
nounced reduction in both decay components after aging, with 7y
decreasing from 8.29 to 6.46 ns and 75 from 21.37 to 18.35 ns, leading to
a substantial drop in the average lifetime. In contrast, the PVDF-HFP
film exhibits much smaller changes, with 7; remaining close to 9 ns

Table 1
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and 7, preserved above 22 ns, indicating suppressed formation of fast
non-radiative recombination pathways. A similar trend is observed at
100 °C: while the pristine film undergoes significant lifetime degrada-
tion (r1= 6.16 ns and 73 = 17.21 ns after aging), the PVDF-HFP film
retains comparatively longer decay components (r; = 7.15 ns and 75 =
19.37 ns). The consistently longer 75 and higher average lifetime in
PVDF-HFP films at both temperatures indicate reduced trap-assisted
recombination and better preservation of bulk electronic quality under
thermal exposure.

Changes in electronic disorder were assessed via the Urbach energy
extracted from UV-Vis spectra (Fig. S12 and S13) and plotted in Fig. 6c,
since E, reflects band-tail states and defect-related energetic disorder.
The E, for the pristine film is 47 meV, whereas the PVDF-HFP film ex-
hibits a lower value of 44 meV, indicating reduced defect density in the
latter. After 500 h of exposure at V + 85 and V + 100 °C, the E, for the
pristine film increased to 71 and 101 meV, respectively, while the PVDF-
HFP film showed a smaller increase to 54 meV and 84 meV. As shown in
Fig. 6c, the increase in Urbach energy closely follows the rise in AV,
which is plotted together for comparison. This correlation indicates that
the thermally induced increase in electronic disorder leads to enhanced
non-radiative recombination, particularly at the interfaces. Therefore,
the degradation observed in the devices is primarily associated with
increased interfacial non-radiative recombination, while the PVDF-HFP
films exhibit improved stability due to the smaller increase in both E,
and AVs.

To further probe the intrinsic thermal robustness of the transport
layers under the extreme thermal stress regime, the stability of MeO-
2PACz and PCBM films was evaluated at V + 130 °C under V + heat
conditions (Fig. 6d). Both layers show a gradual conductivity decay with
time at 130 °C, consistent with accelerated thermal instability of the
transport layers. For MeO-2PACz, a brief initial conductivity increase is
observed, possibly arising from a high-temperature annealing effect
before long-term degradation dominates. The subsequent MeO-2PACz
failure is consistent with thermally induced SAM reorganization/
desorption of weakly bound molecules, leading to non-uniform coverage
and reduced hole transport [51]. In contrast, PCBM degrades more
rapidly, consistent with heat-driven diffusion and aggregation/crystal-
lization of fullerene domains, which is expected to reduce film unifor-
mity and disrupt continuous electron percolation pathways, explaining
the faster conductivity drop compared with the oxide-anchored MeO-
2PACz SAM [52,53].

To pinpoint the interface(s) responsible for device failure, three
simplified film stacks were examined: PVSK, MeO-2PACz/PVSK, and
PVSK/PCBM. The pseudo-PCE (i-PCE) was extracted for all films before
and after 50 h of V + heat stress at 115 °C and 130 °C, with the retained
values summarized in Fig. 6e and Table S7. Across both temperatures,
the bare PVSK film shows the highest i-PCE retention, whereas the
introduction of charge-transport layers leads to enhanced degradation.
In particular, PVSK/PCBM exhibits the strongest i-PCE loss, indicating
that the PVSK/PCBM interface is the most thermally vulnerable, while
MeO-2PACz/PVSK also contributes to degradation but to a lesser extent.

Importantly, PVDF-HFP consistently improves i-PCE retention for all
film configurations at both temperatures. This mitigation is attributed to

TRPL fitting parameters extracted from the TRPL decay curves shown in Fig. S11 and the E, values for pristine and PVDF-HFP films before and after 500 h of vacuum +

thermal stress at 85 °C and 100 °C.

Temperature Sample Ay 71(ns) Ay 72(ns) Taverage (1S) E,(meV) AE, (meV)
85°C Pristine Fresh 0.32 8.29 0.68 21.37 17.18 47 24
After 0.41 6.46 0.58 18.35 13.29 71
PVDF-HFP Fresh 0.31 8.38 0.69 24.38 19.42 44 10
After 0.38 8.97 0.62 22.48 17.34 54
100 °C Pristine Fresh 0.33 7.18 0.67 19.42 15.38 47 54
After 0.42 6.16 0.58 17.21 12.86 101
PVDF-HFP Fresh 0.31 8.25 0.59 23.48 18.75 44 40
After 0.39 7.15 0.61 19.37 14.60 84
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PVDF-HFP's ability to passivate interfacial defects, suppress ion migra-
tion, and mechanically stabilize grain boundaries and interfaces,
thereby reducing thermally activated non-radiative recombination and
interfacial instability. The trend directly supports the conclusion that
interface degradation, especially at the PVSK/PCBM junction, is the
primary origin of extreme-temperature device failure, while polymer
modification partially alleviates, but does not fully eliminate, this
limitation.

The quasi-Fermi level splitting (QFLS) analysis provides evidence for
interface-dependent degradation under vacuum + thermal stress. QFLS
represents the maximum attainable internal photovoltage and is highly
sensitive to non-radiative recombination; thus, a drop in QFLS indicates
enhanced non-radiative recombination which is commonly associated
with recombination-active defects at interfaces and within the absorber,
including those linked to thermally activated ionic and structural dis-
order [54,55]. The spatial maps in Fig. 7a show that pristine stacks
develop pronounced low-QFLS regions after stress, particularly for the
CTL-containing architectures, whereas the PVDF-HFP-modified films in
Fig. 7b retain improved spatial uniformity. The corresponding QFLS
histograms (Fig. 7c—e) quantify these shifts. For the PVSK stack (Fig. 7c),
pristine films decrease from 1.106 eV (fresh) to 1.048 eV at 115 °C and
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1.031 eV at 130 °C, while PVDF-HFP films maintain higher values (1.13
— 1.113 - 1.107 eV), indicating strong suppression of thermally acti-
vated recombination pathways. The MeO-2PACz/PVSK architecture
(Fig. 7d) exhibits a larger stress-induced loss in the pristine case (1.099
— 1.032 - 1.016 eV), consistent with increased interfacial recombi-
nation at the hole-extracting interface, whereas PVDF-HFP reduces the
decline (1.114 — 1.085 — 1.074 eV). The most severe degradation oc-
curs for the PVSK/PCBM stack (Fig. 7e), where pristine films drop to
0.998 eV at 130 °C from an initial 1.076 eV, reflecting substantial
recombination at the electron-extracting interface. In contrast, PVDF-
HFP-modified films retain 1.009 eV under the same condition, demon-
strating partial mitigation of interface-driven defect formation. Overall,
the downward histogram shifts confirm that degradation is strongly
interface-governed, with the PVSK/PCBM junction being the most
thermally vulnerable, and that PVDF-HFP incorporation suppresses
defect generation and limits the activation of non-radiative recombi-
nation pathways across all stack configurations.

This result is consistent with the thermal instability of PCBM-based
contacts reported by Huang et al. for triple-cation CsSFAMA p-i-n de-
vices [56]. In their study, CSFAMA/PCBM devices aged at 85 °C under
N, showed rapid performance loss, mainly through V,. reduction and
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0.5pm 0.5pm
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2PACz/
PVSK
PVSK/
PCBM
0.5pum 0.5pm 0.5um 0.99 eV
Fresh V+115°C V+130°C Fresh V+115°C V+130°C
C
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Fig. 7. Spatial quasi-Fermi level splitting (QFLS) maps and statistical distributions for pristine and PVDF-HFP-modified films under vacuum + thermal stress.
Corresponding values are provided in Table S8. (a) QFLS maps of pristine PVSK, MeO-2PACz/PVSK, and PVSK/PCBM stacks after 50 h of combined vacuum and
thermal stress (115 °C and 130 °C). (b) Corresponding QFLS maps of PVDF-HFP-modified films for the same stack architectures under identical stress conditions.
Histograms of QFLS distributions extracted from the spatial maps for (c) PVSK, (d) MeO-2PACz/PVSK, and (e) PVSK/PCBM stacks, comparing pristine and PVDF-

HFP films.
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decreased shunt resistance, while Js. remained comparatively stable,
indicating recombination/leakage-dominated degradation rather than
absorber-related optical loss. Huang et al. further showed that heat
treatment at 65 °C for 600 h caused deformation and roughening of the
PCBM layer, attributed to PCBM aggregation/crystallization, which
increased carrier recombination and deteriorated Ry, and V.. In addi-
tion, Lee and Lee reported ion-diffusion-induced interfacial degradation
in PCBM-based p-i-n devices, where iodide ions migrated from the
perovskite toward the PCBM/Ag side and interacted with PCBM, intro-
ducing electronic disorder and recombination-active states that affect
Voc, FF, and QFLS. [57]. Therefore, when considered together with these
literature reports, the simplified-stack i-PCE and QFLS measurements
confirm that the PVSK/PCBM interface is the most vulnerable region
under V + H conditions.

The improved stability of the PVSK/PCBM stack in the PVDF-HFP-
modified films can be explained by a bulk-to-surface passivation
pathway, consistent with previous PVDF-HFP and fluorinated-polymer
reports [18,58,59]. Since PVDF-HFP is incorporated into the perov-
skite precursor, it can interact with grain-boundary regions and the
terminal perovskite surface before PCBM deposition. In PVDF-HFP-
based PSCs, the polar -CFo- groups have been reported to coordinate
with undercoordinated Pb®" at perovskite surfaces and grain bound-
aries, reducing Pb-related defects and non-radiative recombination.
Related fluorinated polymer systems also show that fluorine-mediated
interactions with organic cation environments can regulate crystalliza-
tion and stabilize the perovskite lattice. Therefore, the perovskite sur-
face contacting PCBM becomes less recombination-active, even without
forming a distinct PVDF-HFP interlayer. This interpretation is further
supported by the impedance spectroscopy results, where the PVDF-HFP
device retained higher R, than pristine devices, indicating suppressed
recombination after thermal stress.

Based on the results presented above, across all tested temperatures,
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PVDF-HFP-modified devices consistently exhibit higher stability and
performance retention than the pristine devices, confirming the bene-
ficial role of polymer incorporation under thermal bias stress. Mecha-
nistic analysis indicates that device failure is governed primarily by
interfacial degradation, evidenced by the dominant increase in A V3 and
the concurrent losses in i-PCE/QFLS for interface-containing stacks.
Among the interfaces, the PVSK/PCBM junction emerges as the most
vulnerable, identifying the electron-extracting side as the key bottleneck
under extreme high-temperature operation.

The next part quantifies device stability by extracting the charac-
teristic lifetime of both pristine and PVDF-HFP devices. Lifetime metrics
derived from stability results enable a direct comparison of degradation
kinetics and provide a clear measure of how polymer incorporation
improves durability under elevated-temperature operation. The char-
acteristic lifetime was calculated using a hazard-based framework,
where h(t) denotes the hazard function (obtained by the ratio of devices
failed to the number of working devices before failure), H(t) the cu-
mulative hazard function, and F(t) is the failure probability at time t

t

B
calculated using F(t) =1 —¢ <’7) [60,61]. g and n are the Weibull pa-
rameters. f is the slope of the H(t) vs t curve, also called the shape
parameter, and 7 is the characteristic lifetime at which H(t) becomes
equal to 0.632. The corresponding calculations are summarized in
Tables S9-S16. The H(t) vs time for pristine and PVDF-HFP are plotted in
Fig. 8a and b, along with the Weibull parameters listed in the table inside
the figure. The Weibull shape parameter () increases from 4.61 + 0.39
for the pristine devices to 7.53 + 0.70 for the PVDF-HFP modified de-
vices. In Weibull reliability analysis, f > 1 corresponds to a wear-out
dominated failure regime in which the failure rate increases with time
due to progressive degradation. The higher g value for the PVDF-HFP
devices therefore indicates a narrower failure distribution and reduced
device-to-device variability, suggesting that the degradation process
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Fig. 8. Temperature-dependent reliability analysis under vacuum + thermal stress. (a) Cumulative hazard function, H(t) as a function of time for pristine devices at
V + 85 °C, 100 °C, 115 °C, and 130 °C along with the Weibull parameters, (b) H(t) vs time for the PVDF-HFP devices, (c) Arrhenius plot with In(n)) on the y-axis and
1/T in K in the x-axis, (d) Failure probability, F(t), as a function of time for pristine devices at V + 85 °C, 100 °C, 115 °C, and 130 °C. (e) F(t)-time curves for PVDF-
HFP devices at the same temperatures. (f) Lifetime as a function of temperature for pristine and PVDF-HFP devices, summarizing the temperature dependence of
device stability. The shaded regions represent the 80% confidence bands of the fitted lifetime-temperature trends.
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becomes more uniform across the device population. This behavior is
consistent with the stabilizing role of the PVDF-HFP additive, which
likely improves interfacial and morphological uniformity, leading to
enhanced operational reliability compared with pristine devices.
Further, Fig. 8c shows the Arrhenius plot, plotted using the eq. (4)

)

n is the characteristic lifetime obtained using the Weibull distribution
in Fig. 8a and b, A is a constant, E, is the activation energy, Kp is the
Boltzmann constant = 8.617 x 10~°eV/K, and T is the temperature in K.
The Arrhenius slopes for the pristine and PVDF-HFP devices are 9665
and 11,035, corresponding to activation energies of 0.83 eV and 0.95
eV, respectively. The different activation energies indicate that the two
devices follow different degradation pathways. The higher activation
energy of the PVDF-HFP device means that more thermal energy is
required for degradation to occur, suggesting that the polymer modifies
the failure process compared to the pristine device. In particular, the
strong interaction between the additive and the perovskite, such as
Pb—F coordination, effectively increases the energy barrier for ion
migration or interfacial degradation, thereby helping the device main-
tain structural integrity under thermal stress.

Further, using the Weibull parameters, F(t) was obtained and is
plotted in Fig. 8d and e. For the lifetime evaluation, the 20% percentile is
taken as the criterion for the minimum operational lifetime. The
graphical method is used to predict the lifetime of the devices at room
temperature (25 °C). Based on the fitted curves in Fig. 8d and Fig. 8e, the
lifetime under each stress condition is extracted and plotted as a func-
tion of temperature in Fig. 8f. For both device types, as expected, the
lifetime decreases with increasing temperature. However, at all tem-
peratures, the PVDF-HFP devices exhibit systematically longer lifetimes
than the pristine devices, confirming that polymer incorporation slows
the dominant failure processes. Quantitatively, the lifetime advantage of
PVDF-HFP is most pronounced at moderate high temperatures
(~85-100 °C), where the lifetime is extended by several hundred hours
compared to pristine devices. As the temperature approaches 130 °C, the
lifetimes of both device types converge to similarly low values, indi-
cating that under extreme thermal stress the stabilizing effect of PVDF-
HFP becomes insufficient, consistent with the rapid interfacial degra-
dation observed in earlier sections. Notably, the slope of the fitted lines
in Fig. 8f indicates that the acceleration factor for the pristine devices is
—14.77 and for the PVDF-HFP devices is —23.83. According to this
prediction, the lifetimes of the pristine devices and PVDF-HFP devices at
25 °C are expected to be 1444 and 2491 h, respectively. The corre-
sponding 80% confidence intervals are estimated to be 493.3-2235.18 h
for the pristine device and 1603.75-3345.64 h for the PVDF-HFP device.
The relatively broad uncertainty bounds arise from the limited number
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of temperature-dependent lifetime data points and the extrapolation of
accelerated-aging results to room temperature. Nevertheless, the PVDF-
HFP devices show a higher estimated lifetime across the fitted confi-
dence range. The Weibull-Arrhenius extrapolation assumes a similar
dominant degradation pathway within the fitted temperature range.

After establishing the enhanced stability of the PVDF-HFP-modified
devices under continuous thermal aging and confirming the reliability
improvement through Weibull-Arrhenius lifetime analysis, thermal
cycling measurements were performed to evaluate robustness under
repeated temperature fluctuations. The devices were cycled between
130 and — 60 °C, with each temperature step maintained for 45 min,
corresponding to a full cycle duration of approximately 90 min. As
shown in Fig. 9a, the pristine device failed after approximately 8 cycles,
whereas the PVDF-HFP-modified device still retained nearly 50% of its
initial PCE after 10 cycles. The corresponding photovoltaic parameters
in Fig. S14 (a-c) show concurrent losses in V., Js, and FF, indicating
that degradation arises from combined recombination, photocurrent-
collection, and charge-extraction losses rather than a single parameter.

To further distinguish general thermal-cycling robustness from fail-
ure under extreme thermal shock, an additional cycling test was per-
formed between 100 and — 60 °C using the same 45 min step duration
and ~ 90 min full cycle. As shown in Fig. 9b, the pristine device retained
only around 50% of its initial PCE after 10 cycles, whereas the PVDF-
HFP-modified device maintained nearly its full initial PCE after 10 cy-
cles. The corresponding parameter evolution in Fig. S14 (d-f) confirms
that this improvement mainly arises from better retention of V,. and FF.
These results demonstrate that PVDF-HFP substantially improves
thermal-cycling robustness, although its stabilizing effect becomes
limited under the more extreme 130 < -60 °C condition. This limitation
may be associated with the upper cycling temperature approaching the
softening/melting region of PVDF-HFP, which can weaken the polymer-
mediated interfacial stabilization during repeated thermal cycling.

Table 2 compares representative polymer-based stabilization stra-
tegies reported for PSCs with the present PVDF-HFP approach. Prior
studies have mainly evaluated stability under ambient storage, humid-
ity, or moderate thermal stress, whereas reports combining high-
temperature operation with vacuum remain essentially absent. In
contrast, our devices were examined under space-relevant vacuum +
heat conditions over a broad temperature range, providing a more
stringent assessment of operational reliability. This comparison high-
lights the distinct significance of the present work beyond conventional
polymer-passivation studies.

3. Conclusion

This work evaluates the reliability of PVDF-HFP-modified p-i-n
perovskite solar cells under space-relevant stress conditions, including
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Fig. 9. Thermal cycling stability of pristine and PVDF-HFP-modified devices: normalized PCE retention during cycling between (a) 130 and — 60 °C and (b) 100 and

— 60 °C, with a 90 min cycle duration.
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Table 2

Comparison of representative polymer-based stabilization strategies reported for
perovskite solar cells, categorized by polymer type, modified layer, testing
condition, and stability metric.

Polymer Modified layer Testing Stability result Reference
condition
PMMA HTL (Spiro- Dark and RH Over 90% after .
OMeTAD) = 35+5% 100 days of 62]
storage
PMMA Post-treatment RH = 25-35% 95% of the [63]
passivation for at 20-25 °C initial PCE after
perovskite 20 days
PEO Perovskite bulk RH ~ ~80% retained
62.543.25%  after 140 h (641
PEG Passivation layer RH ~ 30% and ~93% of initial [65]
between 25°C PCE after 30
perovskite and ETL days
PVP Additive in 85°Cin Ny Tgo is ~120 h
perovskite bulk glove box 661
and grain
boundaries via
confinement effect
PVDF Perovskite bulk 25+10°C, ~90% PCE of
50410%RHin initial PCE after 2]
air 2500 h
PVDF- Perovskite bulk 1073 Tgo is ~1200 h, This work
HFP Torr+heat ~500 h, ~200 h
(85°C,100°C, and ~ 50 h
115 °C and respectively
130 °C)

Note: PMMA, poly(methyl methacrylate); PS, polystyrene; PEO, polyethylene
oxide; PEG, polyethylene glycol; PVP, polyvinylpyrrolidone; PVDF, poly(vinyl-
idene fluoride).

vacuum + light exposure and vacuum + thermal aging up to 130 °C. The
optimized PVDF-HFP concentration improves device performance and
stability by promoting defect passivation, preserving film morphology,
and reducing recombination losses. Under vacuum + light stress, PVDF-
HFP-modified devices show slower PCE degradation, smaller growth of
non-radiative voltage loss, stronger PL/TRPL retention, lower Urbach-
energy increase, and better preservation of the perovskite/Pbl, ratio.
These results indicate that PVDF-HFP suppresses illumination-assisted
defect activation and delays phase degradation, leading to improved
operational stability.

Under vacuum + thermal stress, PVDF-HFP significantly improves
stability at 85-100 °C by suppressing Pbl, formation, electronic disor-
der, carrier-lifetime loss, and morphological degradation. At higher
temperatures, especially near 130 °C, degradation becomes increasingly
governed by interfacial and transport-layer instability. The i-PCE and
QFLS analyses identify the PVSK/PCBM junction as the most thermally
vulnerable interface. In parallel, impedance spectroscopy shows that
PVDF-HFP-modified devices retain higher Ry after thermal stress,
indicating suppressed recombination; at higher temperatures, the small
tail observed in the Nyquist plots suggests additional slow interfacial/
electrochemical processes.

Quantitative reliability analysis further supports these stability
trends. Using a hazard-based Weibull framework combined with
Arrhenius modeling, PVDF-HFP devices show longer characteristic
lifetimes than pristine devices across all tested temperatures, with the
largest improvement at moderately high temperatures of 85-100 °C. The
higher activation energy of PVDF-HFP devices, 0.95 eV compared with
0.83 eV for pristine devices, indicates a modified thermally activated
degradation pathway and a higher barrier for failure. Room-temperature
lifetime extrapolation predicts longer operational lifetimes for PVDF-
HFP devices, 2491 h compared with 1444 h for pristine devices. In
addition, thermal cycling tests confirmed the improved dynamic ther-
mal robustness of the PVDF-HFP-modified devices. The pristine device
failed after ~8 cycles under 130 to —60 °C cycling, whereas the PVDF-
HFP device retained nearly 50% PCE after 10 cycles; under 100 to

Chemical Engineering Journal 540 (2026) 177494

—60 °C cycling, PVDF-HFP maintained nearly its initial PCE, while the
pristine device retained only ~50%. These results confirm that PVDF-
HFP extends device lifetime under practical thermal-stress conditions,
while the convergence of lifetimes at 130 °C defines the operational
limit of its stabilizing effect. Overall, PVDF-HFP enhances perovskite
solar-cell stability and quantitatively extends device lifetime within
realistic operating temperature windows, while clearly defining inter-
facial limitations under extreme thermal stress.
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